Abstract. Ag nanoparticles of 1.5 to 7 nm size were produced by ion exchange of soda-lime glass for various duration. Information on local order and thermal vibrations were available by means of X-ray absorption spectroscopy using experiments at the Ag K-edge (25.514 keV). Ratio method and EXAFS fitting procedure were successfully applied to reveal the temperature dependence using the cumulant-expansion method up to third order ones. The temperature dependence of the nearest neighbor Ag-Ag distance appears different from that of polycrystalline Ag foil below 400 K. This effect can be explained by a thermoelastic model describing the mismatch of thermal expansion coefficients of Ag particles and the glass matrix. In addition, the parameter of Ag-Ag bond length of 1.5 nm particles is governed by precursor formation for crystalline Ag nanoparticles. The data of the second cumulant, the Debye-Waller factor (DWF), represent a higher static disorder, especially for nanoparticles of 1.5 -3.5 nm size, caused by the increasing portion of surface or interface atoms. From the temperature dependent part of DWF we estimated a slightly increased Einstein temperature.
Introduction
Nanosized particles embedded in glass have attracted much interest as material with potential applications because of specific linear and non-linear optical properties [1] , where strong variations are expected for sizes, i. e. particle diameters, much less than 10 nm. Therefore, we used ion exchange processing to produce Ag nanoparticles in commercial soda-lime glass with sizes of 1 to 7 nm. Because of these small dimensions specific experimental methods for identification and characterization of such species were needed, in particular for particles embedded in a disordered matrix like glass. Extended X-ray absorption fine structure (EXAFS) spectroscopy is a powerful tool to characterize the local order around atoms together with the thermal vibrations and the static disorder in crystalline as well as in disordered or amorphous materials. For nanoparticles and clusters, there are no limitations with respect to their size [2, 3] . The present work is aimed at investigating the structural and vibrational behaviour of silver particles in ion-exchanged glass in dependence on particle size and temperature. The EXAFS data like Ag-Ag distance, Debye-Waller factor and higher cumulants should allow to clarify the influence of quantum size effects, interaction between particles and surrounding matrix as well as thermal effects induced by preparation at elevated temperatures.
Experimental and data evaluation
Commercial soda-lime glass containing (in weight %) 71.9% SiO 2 and 13.3% Na 2 O as main components and 0.865% Fe 2 O 3 as Fe ion component acting as reducing agent was used as base glass material. The Ag ions were incorporated by immersing the samples into NaNO 3 /AgNO 3 mixed melt at 330°C for various duration. At this temperature, the formation of crystalline nuclei or small nanoscaled particles should be favoured. Transmission electron microscopy (TEM) examination to evaluate size and size distribution of silver particles was done by means of JEM 1010 operating at 100 kV. To this aim both, planar and cross-section preparation, were performed including mechanical grinding, polishing and ion-beam etching. By TEM a mean particle size of 1.5 nm for an ion exchange duration in the range of 100 to 400 hours was found [4] . Upon longer ion exchange, or upon subsequent heat treatment above 400°C distinct particle growth could be observed. Thus, mean particle sizes between 2 and 7 nm were obtained. The distribution of sizes for all samples is nearly symmetric. The uncertainty of sizes is given by a standard deviation between 1.3 and 1.5 nm. Ag K-spectra (25.514 keV) were recorded in transmission mode at 10 K by means of a liquid-helium vapour flow cryostat at beam line X1 and A1 at HASYLAB, respectively. EXAFS data processing was done using the UWXAFS program package [5] , including background subtraction, Fourier transformation of the extracted EXAFS oscillations into real space and subsequent fitting in real space (0.16-04 nm) with the theoretical amplitude and phase functions using FEFF 8 [6] . For evaluation of experimental data, in addition to the interatomic distance and the Debye-Waller factor C 2 = σ 2 , the third and fourth cumulants, C 3 and C 4 , were also taken into consideration. In addition, the ratio method (see e.g. [7] ) was used to find an independent measure of cumulants for some experiments. Crystalline bulk samples of polycrystalline Ag were used as reference standard. The EXAFS oscillations at temperature T including the contributions of all atoms used can be summarized as [8, 9] ), ,
where the phase of the path contribution and its amplitude are given by
Here, k is the wave number of the photoelectrons ejected, N is the number of neighbours within the coordination sphere at distance R(T). The quantity S 0 2 takes into account many-body effects, f eff (k) describes the characteristic backscattering amplitudes of neighbouring atoms, the inelastic electron scattering is described by the photoelectron mean free path λ and ϕ(k) is the total phase shift.
If there exists static structural disorder, i. e. a deviation from crystalline order in the bulk of the face centered cubic (fcc) Ag lattice, e.g., at the interface of Ag nanoparticles to the glass matrix, the experimental Debye-Waller factor of the first Ag-Ag coordination sphere can be represented as super- 
where m r is the reduced mass of the Ag-Ag pair, k B the Boltzmann constant und θ E the Einstein temperature. Thus, besides the usual temperature dependence, the experimental Debye-Waller factor depends on σ s 2 and θ E only, which can be calculated by a fit of experimental data with equ. (4).
Results and discussion
The EXAFS spectra measured at the Ag K-edge of glass samples containing Ag nanoparticles allowed to calculate the cumulants according to (1) - (3) for nanoparticles of 4 and 7 nm size in the tempera- ture range between 10 and 800 K and for sizes between 1.5 and 3.5 nm in the range of 10 -300 K, respectively. For the smaller particles, the signal-to-noise ratio was not sufficient to estimate the structural parameters at elevated temperatures (> 300 K) precisely because of both, the low amount of crystalline Ag species incorporated into nanoparticles and the increasing Debye-Waller factors in this temperature range. In figure 1 one example of Fourier transform of glass with a relatively short duration of ion exchange at 330°C (200 hours) is shown. Here, crystalline clusters or particles of 1.5 nm are formed according to TEM investigations. Besides the Ag-Ag correlations, there are also Ag-O correlations present reflecting the oxygen environment of silver ions first diffusing into the glass matrix during the ion exchange process. Subsequently, reduction of silver ions and precipitation of metal nanoparticles take place. The ratio of Ag + to Ag 0 is determined by the concentration of reducing agents and depends on process duration. Therefore, the fit procedures have to include this oxygen environment for all spectra measured for glass. Here, we discuss only the parameters of Ag-Ag correlations of nanoparticles. The Ag-Ag first-shell atomic distances R as a function of temperature of different nanoparticles are compared to the corresponding XRD data of single-crystalline silver [13] in figure 2. Usually, despite the uncertainty of EXAFS analysis, the Ag-Ag lattice parameters determined by this method are always larger than the distances between the centers of probability functions measured by XRD [14] . However, this difference in bond lengths could be attributed to the effect of mean-squared vibrational disorder perpendicular to the line between the average position of the observed pair of atoms, 〈u ⊥ 2 〉 [15, 16] . In a previous work [12] , we could show that this assumption is valid also for the crystalline lattice of Ag according to 〉 has been used. R 0 represents the equilibrium distance. Therefore, we introduced a corresponding correction for the R(T) data of 4 and 7 nm particles, respectively. Accordingly, the number of Ag shells of these particles has been calculated. This yields the ratio of surface to interior atoms of such particles. Assuming that the vibrational behaviour of surface atoms cannot be described by (5), only the volume or interior atoms were considered for this correction. That means, in a first approximation the perpendicular vibrations were neglected for surface atoms and, concerning the lattice vibration, the interior atoms behave like atoms in crystalline bulk silver. This correction has not been used for smaller particles (1.5, 2 and 3.5 nm) because the corresponding variations of the low-temperature atomic distances are within the experimental errors.
From the measurements represented in figure 2 , an Ag-Ag distance 3.4% less than that of bulk Ag was calculated for nanoparticles of 1.5 nm in size. This value cannot be explained by the lattice contraction of small particles alone, but requires to consider the presence of Ag structures similar to those found in oxidic materials. In fact, such strongly reduced Ag-Ag distances can be found in crystalline silver oxides, for example at 2.751 Å in Ag 6 O 2 [17, 18] . Therefore, we assumed the formation of silver oxidelike clusters as precursors in the formation of crystalline Ag nanoparticles. The origin of Ag-Ag correlations detected by EXAFS may be due to structural units similar to Ag 6 +4 species in oxidic structures. For larger particles, such considerable changes do not appear. Here, only a slight shift of R(T) values is found, possibly caused by thermal treatment at elevated temperatures (2 nm: 410°C; 3.5 nm: 480°C (7 h); 4 nm: 480°C (384 h); 7 nm: 600°C). Thus, we have to expect modifications of the glass structure which would influence the interaction between matrix and metal nanoparticles. Furthermore, the effect of surface or interface stress of nanospheres on the resulting Ag-Ag distance of nanoparticles can be discussed.
Obviously, the dependence of Ag-Ag distances on temperature shows a two-range behaviour. At low temperatures, there is a considerably lower increase with temperature than in the high-temperature range (> 400 K) for the larger particles of 4 and 7 nm. These data are obtained independent of the course of temperature during the experiments. Usually, such effects occur above the glass transformation temperature. However, this temperature is at about 807 K. Nevertheless, this effect can be ascribed to a temperature-dependent interaction between nanoparticles and the surrounding glass matrix. Here, a critical temperature, T C , of approximately 400 K must be assumed in relation to a thermoelastic model. This model explains that effect by the strong difference of thermal expansion coefficients of Ag nanoparticles and the glass matrix. The thermal expansion coefficient of Ag is three times larger than that of the soda-lime glass. Thus, the thermal expansion of the nanoparticles below T C is hindered by the glass matrix, whereas above this temperature a relaxation at the nanoparticleglass interface takes place. This gives an effective coefficient of the particles below T C to be α Ag -α glass . Applying Eshelby's solution for a spherical defect in an infinite medium [19] , the relative change of Ag-Ag distance R(T) of Ag particles below T C is given by ( ) ( )
Here, the material properties E (Young'modulus), ν (Poisson's ratio), α (thermal expansion coefficient) and G (shear modulus) have to be considered. The subcripts m and p refer to the glass matrix and the particle, respectively. Using (6), the nanoparticles are subjected to a tensile stress below T C and their effective expansion decreases as shown by the calculated line in figure 4 . At temperatures above T C there exists no such hinderance and the particles of 4 and 7 nm size show an expansion similar to that of bulk silver. In this case, no size effects of nanoscaled species could be observed.
Additional information on thermal vibration and disorder in nanoparticles is available from EXAFS spectra by the second cumulant σ 2 = C 2 . One example is given in figure 3 . The results for all particle sizes are summarized in figures 4a and b. The comparison with the data of the polycrystalline foil demonstrates that static disorder inside the particles increases with decreasing particle sizes, especially, below 5 nm sizes. This distinctly higher Debye-Waller factor indicates a larger static disorder due to the high number of surface atoms of such particles or clusters. On the other hand, in case of extended duration of ion exchange or a subsequent thermal treatment, i. e. for larger particles, the Ag-Ag distance is similar or slightly larger than that of bulk silver and the Debye-Waller factor decreases. There are already some results of EXAFS experiments which point to an increase of static disorder for small particles as well as of ion irradiation of Au nanoparticles [20] [21] [22] . In the case of embedded particles, besides the size effect, the interactions with the matrix must be taken into consideration. Here, both effects should be reflected by the EXAFS results. The structural mismatch of glass matrix and metal particles should increase the static disorder. For small sizes of particles, the Einstein temperature increases. That should be due to changes of the bond character, maybe, in correlation to decreasing Ag-Ag bond lengths as shown above. Similar results have been found for Te or Cu nanoparticles [23, 24] . The drastic increase of static disorder and Θ E of 1.5 nm particles seems to confirm the size effect observed for larger particles. However, the effect of oxidic structures on EXAFS cumulants should be determined in further investigations. Finally, it should be mentioned that the third-order cumulants show a similar increase for small Ag particles as the Debye-Waller factor. A detailed discussion of this result requires the development of theoretical interpretation of cumulant expansion in relation to potential functions (see for example [22, 25, 26] ). The quality of data of fourth cumulants does not allow a systematic discussion for most of the particles. 
Conclusions
The formation of Ag nanoparticles in soda-lime glass by ion exchange procedure starts with Ag clusters that contain oxidic structures as precursor states for precipitation of pure Ag particles. The measured Ag-Ag bond length of nanoparticles are governed by the existence of such precursor configurations, by surface or interface effects and by the interaction between the glass matrix and the metal particles. The latter causes a hindered contraction of Ag particles and a formation of tensile stresses below a critical temperature of about 400 K. Above T C , the thermal expansion of larger particles is similar to that of bulk material. This interaction is near to the limit of using the continuum elasticity theory. The vibrations of atoms are characterized by an increased Einstein temperature for decreasing particle size. A distinct disorder has been noticed inside the particles, especially, for very small sizes.
